We report an angular quantum oscillation study of Tl2Ba2CuO 6+δ for two different doping levels (Tc = 10 K and 26 K) and determine the Fermi surface size and topology in considerable detail. Our results show that Fermi liquid behavior is not confined to the edge of the superconducting dome and is robust up to at least T max c /3.5. Superconductivity is found to survive up to a larger doping pc = 0.31 than in La2−xSrxCuO4. Our data imply that electronic inhomogeneity does not play a significant role in the loss of superconductivity and superfluid density in overdoped cuprates, and point towards a purely magnetic or electronic pairing mechanism.
The evolution of the electronic structure with carrier concentration is crucial for understanding the origin of high temperature superconductivity. In the well-studied hole-doped cuprate La 2−x Sr x CuO 4 (LSCO), antiferromagnetism is suppressed beyond x = 0.02 and superconductivity emerges at x = 0.05. The superconducting (SC) transition temperature T c (x) is approximately an inverted parabola maximizing at x ∼ 0.16 before vanishing at x = 0.27 [1] . Over much of this phase diagram the physical properties are substantially different from those of conventional metals and the range of validity of a Fermi liquid picture, where all quasiparticles are well defined, is unclear.
In fully-oxygenated LSCO, it is usually assumed that x equals p, the number of added holes/CuO 2 unit. Tallon et al. have argued that T c follows a universal dependence on p for all hole-doped cuprate families; T c /T max c = 1 -82.6(p -0. 16) 2 ) [2] . In many families however, the precise doping level is difficult to determine. Moreover, it has been suggested that hole-doping in cuprates is intrinsically inhomogeneous on a length scale of a few unit cells [3] [4] [5] [6] , with p merely being a global average of the ensemble. NMR experiments on YBa 2 Cu 3 O 7−δ however, suggest that (static) phase separation is not a generic property of underdoped (UD) or optimally doped (OP) cuprates [7] . This is supported by analysis of heat capacity data for Bi 2 Sr 2 CaCu 2 O 8+δ over a wide range of p, and of NMR data for YBa 2 Cu 4 O 8 and Ca-doped YBa 2 Cu 3 O 7−δ [8] . For overdoped (OD) cuprates, the applicability of the phase separation picture is still debated. Experimentally, the ratio of the superfluid density n s to the carrier effective mass m * is found to decrease with increasing p [9, 10] . This so-called 'boomerang' effect has been attributed either to pair-breaking in an homogeneous electronic state [9] , or to spontaneous phase separation into hole-rich (non-SC) and hole-poor (SC) regions [3, [10] [11] [12] .
Here, we report a detailed study of the de Haas-van Alphen (dHvA) effect in Tl 2 Ba 2 CuO 6+δ (Tl2201) single crystals with two different T c values. Our results show that a generalized Fermi-liquid picture extends into the high-T c phase of OD cuprates and is not confined to the edge of the SC dome. We show that OD Tl2201 has a highly homogenous electronic state on the scale of the mean-free-path (ℓ 0 > ∼ 400Å). Our precise determination of the Fermi surface (FS) volume reveals that superconductivity in Tl2201 survives up to p c = 0.31 significantly beyond that inferred for LSCO. The lack of nanoscale inhomogeneity implies that the rapid loss of superfluid density with overdoping is likely due to pair breaking driven by a weakening of the pairing interaction. Finally, the dHvA mass does not change much with p and seems to correspond to an overall band-narrowing rather than strong renormalization near the Fermi level. These two facts tend to rule out pairing mechanisms involving low frequency bosons for these overdoped cuprates.
Tl2201 crystals were grown using a self-flux method [13] and annealed in flowing oxygen at various temperatures to achieve a range of T c values [13] . Torque magnetization was measured using a piezo-resistive microcantilever in a 3 He cryostat in the 45 Tesla hybrid magnet in Tallahassee. The tetragonal crystal structure and orientation were determined by x-ray diffraction.
In the inset of oscillations were only seen on three crystals and weak signals in one other. Samples with low impurity scattering, high crystallographic quality and high doping homogeneity are needed to observe dHvA oscillations arising from such large Fermi surface sheets. For example, a factor two decrease in ℓ 0 from the present values would result in a reduction in the dHvA amplitude of 10 5 burying the signal firmly into the noise.
Fitting the angle dependence F (θ) to the expression for a two-dimensional (2D) FS (= F 0 / cos θ), we obtain a fundamental frequency F 0 of 18.10(3) kT and 18.00(1) kT for Tl10Ka and Tl10Kb respectively, in agreement with a previous study in pulsed fields [14, 15] , and 17.63(1) kT for Tl26K. Note that the width of the FFT peak in Fig.  1 is determined by the field range and is not a measure of the accuracy in F (θ). F 0 gives directly the extremal cross-sectional area A of the Fermi surface via the Onsager relation A = 2πeF 0 /h. As A does not vary appreciably with k z (see later) we can determine the carrier concentration (1 + p) via Luttinger's theorem,
2 (where a = 3.86Å is the in-plane lattice parameter). From the frequencies, we obtain hole dopings, p, of 0.304(2), 0.297(1) and 0.270(1) respectively for Tl10Ka, Tl10Kb and Tl26K. These values are consistent with the measured zero-temperature Hall number n H (0) = 1.28(6) /Cu for a T c =15 K sample [16] .
We determine the quasiparticle effective mass by analyzing the T -dependence of the dHvA amplitude A using standard Lifshitz-Kosevich (LK) theory [17] . Results are shown for the three different crystals in m e at θ = 0
• for Tl10Ka, Tl10Kb and Tl26K respectively. To check for consistency and any field dependence of the dHvA mass (common in heavy Fermion systems, where m * is strongly enhanced by spin-fluctuations) we compare these values to the zero field electronic specific heat. For a 2D metal, the Sommerfeld coefficient γ = (πk
2 )m * (where k B is the Boltzmann constant and N A Avogadro's constant) [19] . Accordingly, we obtain γ = 7.1(4) mJ mol −1 K −2 for both dopings, in excellent agreement with the almost p-independent value of 7(1) mJ mol −1 K −2 found from direct measurement of polycrystalline Tl2201 [20] .
Comparison with the band mass m b ∼ 1.7 m e , given by density functional theory band calculations [21, 22] (with the FS area adjusted using the virtual crystal approximation to match the present doping), reveals a significant enhancement due to interaction effects (m * /m b ≈ 3) that is constant (within our uncertainty) up to at least ∼ T max c /3.5. This renormalisation is ∼ 20% less than the band-width renormalisation (which corresponds to m * /m e ∼ 6.6) found by angle-resolved photoemission spectroscopy (ARPES) for OD Tl2201 (T c = 30 K) [23] . This implies that the renormalisation predominantly arises from correlation-induced band-narrowing and that any further renormalisation close to the Fermi level E F from interaction with low energy boson modes is minimal.
Details of the FS topology and spin-susceptibility can be determined by measuring the dependence of the dHvA frequency and amplitude on the magnetic field angle with respect to the c-axis (θ) and the Cu-O bond direction (ϕ). Fig. 3 shows the FFT amplitudes extracted from field sweeps at T = 0.45 K for Tl10Ka (at ϕ ∼ 0
• and field range 42-44 T) and Tl10Kb (at ϕ ∼ 45
• and field range 42-45 T). Qualitatively similar behavior was observed for the 26 K sample [21] . For ϕ ∼ 0
• , a broad peak is observed, followed by a minimum that occurs at θ ∼ 27.5
• . For ϕ ∼ 45
• , the behavior is strikingly different with several clear minima below this angle.
In a quasi-2D metal minima in A(θ, ϕ) can occur due to beats between FS sections with nearly equal area. Following Bergemann et al. [24] , we expand the Fermi surface using cylindrical harmonics compatible with the body centered tetragonal crystal symmetry (1) As the FS is close to 2D we determined the dHvA frequencies and amplitudes from FFTs of the oscillatory magnetisation calculated using the full superposition integral, M ∝ 2π 0 dk z sin(hA(k z )/eB) (where A(k z ) is determined from numerical integration of k F (ϕ, κ z ) including spin-splitting) rather than the more usual extremal approximation [24] . As a guide we use the same components (k 00 , k 40 , k 21 , k 61 and k 101 ) that were used to map out the FS topology of OD Tl2201 by angle-dependent magnetoresistance (ADMR) [25, 26] . The Fermi surface volume (and hence 1 + p) is determined by k 00 alone and this is precisely determined by the mean dHvA frequency. For ϕ = 0, the n = 1 warpings do not give rise to beats for any θ and hence at low θ, where spin-splitting effects are negligible, data for the field dependence of the amplitude for this direction can be simply related to ℓ 0 , giving values of 420(10)Å for sample Tl10Ka and 522(100)Å for Tl26K. These ℓ 0 values show that quasiparticle decoherence hardly changes as the doping is decreased towards T max c . This conclusion is supported by the relatively minor difference in absolute dHvA amplitude between the 10 K and 26 K samples.
For ϕ ∼ 45 • , the minima observed below θ = 25
• are determined by k 21 , the dominant component of the c-axis warping and a parameter that cannot be determined directly by ADMR or ARPES. Our data show that k 21 = 0.00170(5)Å −1 and 0.00125(5)Å −1 for T c = 10 K and 26 K respectively, corresponding to a resistivity anisotropy ρ c /ρ ab of 3.3(2) × 10 3 and 6.2(5) × 10 3 (assuming isotropic scattering) and a significant increase in the electrical anisotropy as T max c is approached. Minima in A(θ, ϕ) can also occur due to spin-splitting, and a 'spin-zero' is expected when the spin-up and spindown FS areas differ by a half-integral number of Landau quanta [17] . The location of these 'spin-zeros' is determined by the spin-mass m sus , which is generally not the same as m * [24] . As no minima due to FS warping are expected for ϕ = 0 we attribute the minimum that occurs at θ ∼ 27.5
• to such spin-splitting. Because only one minimum is observed m sus is not strongly constrained but 27.5
• is consistent with a number of m sus /m e values (e.g., 3.99, 4.87, and 5.76), which are all close to the measured thermodynamic mass m * . The overall suppression of the dHvA amplitude with θ is controlled by a combination of impurity scattering, doping inhomogeneity and mosaic spread. It is difficult to disentangle the three effects as they all have similar B dependence over the limited field range where the oscillations are observable. However, by assuming that each term alone is responsible for the damping we can set upper limits on their individual magnitudes. The Dingle damping term due to impurity scattering is given by R D = exp[− 2π 2h F 0 /e/(ℓ 0 B cos θ)] while the damping term due to doping inhomogeneity or mosaic spread is R p = exp[−(πα/B cos θ) 2 ] (where α = πhδp/ea 2 or F 0 tan θδθ respectively -here we have assumed a Gaussian distribution for both) [27] . Typical fits for Tl10Ka and Tl10Kb, using δp = 0.0025, δθ = 0 and ℓ 0 = ∞, are shown as solid lines in Fig. 3 . We find that δp, the spread in p, must be less than 0.0025(5) for all samples. This is an important result as it demonstrates that the doping distribution in OD Tl2201 is negligibly small on the length scale of ℓ 0 > 400Å. Indeed, were δp > 0.005, all dHvA phenomena would be strongly damped and therefore rendered unobservable within our current experimental noise floor.
The overall θ dependence of the amplitude is difficult to model precisely as it depends on knowledge of the mosaic distribution in the crystal as well as the θ, ϕ dependence of the scattering rate. In particular, we observed a strong asymmetry in the angular dependence for ϕ ∼ 0
• that is not understood. This asymmetry is much weaker for ϕ ∼ 45
• and importantly, the positions of the minima, which determine k 21 , are symmetric with respect to ±θ. Collectively, these findings rule out the notion that coexisting hole-rich and hole-poor regions (of order the coherence length) are the origin of the decrease in n s in OD Tl2201 [3, 10] . In the alternative, pair-breaking scenario, the rapid loss of superfluid density is attributed to a crossover from weak to strong pair breaking with overdoping [9] . According to our dHvA data, ℓ 0 is relatively insensitive to carrier concentration and recent high-field transport measurements on LSCO indicate that the residual in-plane resistivity ρ ab (0) is roughly constant across the entire OD region of the phase diagram [29] . Thus for the crossover from clean to dirty limit superconductivity to be realized, overdoping must be accompanied by a marked reduction in the strength of the pairing interaction [9, 30] , as implied by the observed correlation between T c and the magnitude of the (anisotropic) T -linear scattering rate in OD LSCO [29] and Tl2201 [31] .
The SC phase diagram of OD Tl2201 is compared with that of LSCO in the inset to Fig. 2 . The dashed line is the 'universal' parabola [2] , scaled to T Fig. 2 to T c = 0 implies that superconductivity in Tl2201 will disappear at p = 0.31. In LSCO, the T -linear term in ρ ab persists to x = 0.29, i.e. outside the LSCO SC dome [29] , implying that pairing may still be active there. Indeed, comparison of the impurity scattering rate with ∆ 0 suggests that the parabolic tail-off of T c (p) in LSCO could be attributable to the same pair-breaking effects that lead to the reduction in n s /m * . In LSCO (x = 0.29), ρ ab (0) ∼ 18 µΩcm [29]. Taking FS parameters for OD LSCO from ARPES [32] , we obtain a transport (i.e. large-angle) scattering ratē h/τ 0 ∼ 10 meV that is much larger than the BCS weak coupling value ∆ 0 = 2.14k B T c ∼ 2 meV, for T c ≃ 10 K. For Tl2201 with T c = 10 K, ρ ab (0) ∼ 6 µΩcm [33] and correspondingly,h/τ 0 ∼ 3 meV ≃ ∆ 0 .
In conclusion, detailed angle-dependent QO experiments indicate that there is no phase separation in OD Tl2201 over a length scale of hundreds of Angstroms. All indicators suggest that the physical properties of OD Tl2201 are determined by a single, spatially homogeneous Fermi liquid electronic state that is now very wellcharacterized. It would appear that static nanoscale inhomogeneity and phase separation are not generic features of cuprates in any region of the phase diagram. We therefore conclude that pair breaking (possibly enhanced by the effect of a pairing interaction that is highly anisotropic) is responsible for the loss of superfluid density in OD Tl2201 and probably for the disappearance of superconductivity in LSCO below p c = 0.31. The underlying reason for this appears to be the rapid fall in the strength of the pairing interaction on the OD side [9, 30] . This, and the absence of any significant renormalization near the Fermi level support a purely magnetic or electronic mechanism. Our findings also provide further experimental evidence that superconductivity persists to much higher doping levels than the normal state pseudogap. We stress here that the closure of the pseudogap is not field-induced, since the FS parameters found here are entirely consistent with zero-field transport [16] , thermodynamic [20] and spectroscopic [23] data.
